INTRODUCTION
In Part I [1] , a brief review was presented of the photochemical processes involved during holographic grating formation, highlighting some of the assumptions previously made. A general set of governing equations was then derived, which includes the effects of (i) non-steadystate kinetics, (ii) spatially and temporally nonlocal polymer chain growth, (iii) time-varying photon absorption, (iv) diffusion-controlled viscosity effects, (v) multiple termination mechanisms, and (vi) inhibition. From this set of general equations a truncated set of first-order coupled differential equations was generated, and by applying suitable initial conditions, these differential equations were solved numerically. In this way, simulations of the evolution during exposure and post-exposure of the monomer and polymer concentrations were predicted for material parameter values. The temporal evolution of the grating refractive index modulation was then calculated using volume fraction analysis and the Lorentz-Lorenz relation. The numerical convergence of the predictions of the model was then tested, with the retention of 4, 8, and 12 concentration harmonics [1] .
In this paper, the validity and generality of this kinetic model [1] , is examined by applying it to fit diffraction efficiency measurement data for two different types of photopolymer material previously discussed in the literature. The first of these photopolymer materials is an acrylamide (AA) monomer in a polyvinylalcohol (PVA) matrix, [2, 3] . The second material under examination is an epoxy resin matrix, [4, 5] , which is composed of diethylenetriamine (DTA), and 1,4-butanediol diglycidyl ether (BDGE), with an N-vinylcarbozole (NVC) and N-vinyl-2-pyrrolidinone (NVP) monomer pairing. Using the kinetic model developed in Part I, key material parameters, such as the polymerization rate constant k p , the bimolecular termination constant k t , the primary termination rate constant k tp , the initiation rate constant k i , and the monomer diffusion coefficient D m , are extracted by fitting the experimentally obtained growth curves. The data analyzed includes information about the growth and/or decay of the grating's strength, both during exposure and post-exposure in order to examine the effects of "dark reactions." This paper is structured as follows: In Section 2 the photopolymer materials under examination are reviewed. The refractive indices of the main components of each of the photopolymer materials are described using the Lorentz-Lorenz relation. Then, using a previously developed model the key parameters, which determine a material's absorptivity are extracted from fits to experimentally obtained transmission curves in order to predict the rate of generation of primary radicals for a given exposure. In Section 3, using the material parameters obtained in Section 2, the model is applied to extract the key kinetic parameters, which determine a photopolymer material's response under holographic recording conditions. Following this, the results are examined. Finally, in Section 4 a brief conclusion is presented.
COMPOSITION, VOLUME FRACTION ANALYSIS, AND ABSORPTION
In order to apply the full general photochemical kinetic model accurately to the photopolymer materials under examination, it is necessary to obtain certain parameters, which determine a photopolymer's behavior. These include the basic composition of the photopolymer material, the ratio of the individual concentrations and volumes of these components, and the absorptive capacity of the material at the recording wavelength. In this section, the aforementioned information is obtained using different experimental and theoretical techniques.
A. AA/PVA Based Photopolymer
We start with an examination of the acrylamide/ polyvinylalcohol (AA/PVA) photopolymer. The method of preparation of this material has been previously presented [2, 3] . The material consists of a monomer, a binder, a crosslinker (bisacrylamide-BA), an electron donor, (triethanolamine-TEA), and for the specific material under examination here, a photosensitive dye sensitive at = 532 nm (erythrosin B-EB). Table 3 in [6] lists the standard composition of this material, including the mass, density, and volume of each component. The photosensitizer is not listed because of the low concentration relative to the overall material composition.
Volume Fraction Analysis
In the same manner previously described in [6, 7] , the Lorentz-Lorenz relation is applied to perform a volume fraction and refractive index analysis by combining Eqs. (27) (28) (29) in [1] and the volume fraction values presented in Table 3 in [6] . In this way the refractive indices of the individual components, i.e., the monomer refractive index, n m , the background refractive index, n b , and the overall refractive index of the photopolymer material before photopolymerization, n dark , were determined following measurements using a prism coupler and application of the Lorentz-Lorenz relation. The resulting values are listed in Table 4 of [6] .
Throughout the exposure, monomer is polymerized, thus the amount of polymer increases with time. By assuming that the total volume of the material is conserved during exposure, the total volume fraction of the material remains constant, [6] [7] [8] [9] . This results in a direct conversion of monomer volume fraction, ͑m͒ , to polymer volume fraction ͑p͒ . This enables the evolution of the refractive index modulation to be determined using
ͪͬ .
͑1͒
n 1 ͑t͒ is used in Section 3 in order to predict the temporal evolution of the holographic grating strength, both during and post-illumination.
Absorption Parameters
An analysis of the kinetics involved in photon absorption has been examined in [5, 6, [10] [11] [12] . As the generation of primary radicals, which is the driving function of the photopolymerization of monomer, see Eq. (2), is dependent on the amount of light absorbed by the photosensitizer, it is necessary to examine the variation of absorption both during and post-exposure. This can be achieved by (a) measuring the amount of light transmitted during exposure corrected for Fresnel and scattering losses and (b) relating it to the incident intensity [5, 6, [10] [11] [12] . As the molar absorption coefficient, ͑cm 2 /mol͒, and quantum yield for the removal of photosensitizer, (mol/Einstein), are major factors in determining the material's photochemical behavior, it is important to measure and quantify these parameters accurately. By studying the temporal evolution of the medium transmittance, estimates for these key material parameters have been found [5, 6, [10] [11] [12] .
The governing equation for the rate of primary radical production, R i ͑x , t͒, can be expressed as
͑2͒
where ⌽ is the number of primary radicals produced per photon absorbed, the inclusion of the factor of 2 follows the convention that indicates that two primary radicals are produced for every photon absorbed [13] , V is the fringe visibility, and K =2 / ⌳ is the grating vector magnitude, where ⌳ is the grating period.
The resulting time varying absorbed intensity, can be expressed using an adaptation of the Beer-Lambert law [1, 5, 6, [10] [11] [12] [13] :
where I 0 Ј ͑Einsteins/ cm 2 s͒ is the incident intensity, d (cm) is the photopolymer layer thickness, and A 0 ͑mol/ cm 3 ͒ is the initial photosensitizer concentration.
Applying these results, experimentally based estimations for and , for exposure intensities, are given in Table 2 in [11] for 2, 4, and 6 mW/ cm 2 exposure intensities in material layers of thickness d = 120 m. These parameters were estimated by fitting experimental transmission curves [5, 6, [10] [11] [12] . Inserting the mean values of these parameters into Eqs. (2) and (3), i.e., = 1.390 ϫ 10 8 cm 2 / mol, = 0.0348 mol/ Einstein and T sf = 0.7375, the rate of generation of primary radicals per second was determined and is included into the full general kinetic model, which governs the concentration distributions of primary radicals, macroradicals, monomer, inhibitor, and polymer; see Eqs. (10) , (12) (13) (14) (15) , and (25) in [1] , which are used in Subsections 3.B and 3.C.
B. Epoxy Resin Photopolymer
The second photopolymer material examined is the epoxy resin based photopolymer, which was presented originally by Trentler et al. [4] . There are a number of major differences between this material and the AA/PVA based photopolymer. The first of these is the thermally cured matrix network, which allows the epoxy resin type photopolymer material to be cast into large thicknesses and to be sealed or cover-plated on both sides. The second major difference is the difference in the relative refractive indices of the writing monomers to the background material. These two differences give rise to major variations in the behavior of both materials, as will be seen in Section 3. However, significantly, the general kinetic model discussed here, which is based upon the fundamental photokinetic reactions within a photopolymer material, has the ability to predict the behaviors of both of these materials.
Composition
The epoxy resin material [4] is prepared by mixing photopolymerizable vinyl monomer with a liquid epoxy resin and an amine hardener. The material hardens providing a solid matrix as the epoxy cures at room temperature. The unreacted vinyl monomers are then ready for photopolymerization. One key feature of this material is the separation of the temperature-based polymerization of the epoxy, which forms a solid matrix, and the vinyl photopolymerizations, which allows the optical recording of index structures [4, 14] . The separation of these two types of polymerization makes this material capable of recording large index contrasts between the background and photopolymerized regions. The standard epoxy resin material [4] consists of a low-index matrix, comprising diethylenetriamine, (DTA-hardener), 1,4-butanediol diglycidyl ether, (BDGE-epoxide), and a high refractive index photopolymer mixture of N-vinylcarbazole (NVC-writing monomer) and N-vinyl-2-pyrrolidinone, (NVP-writing monomer). The Irgacure 784 photoinitiator used is sensitive at = 532 nm. Table 1 shows the amounts of each of the material components necessary to prepare the photopolymer material with a writing system monomer concentration of approximately 15% of the overall material. The function of each of the material components and their acronyms, which are used from this point forward, are also presented in Table 1 .
Using the information about the relative amounts and volumes of each component in the material we can now determine their volume fractions, which will enable us to apply the Lorentz-Lorenz relation to extract information about the time evolution of the refractive index modulation of the holographic grating during exposure and postexposure. This can then be used in the full analysis of this material to extract key material parameters using the model; see Subsection 3.D.
Volume Fraction Analysis
Using the same methods described in Section 2.A.1 the volume fractions of the main components of the epoxy resin photopolymer material [4] are examined and presented in Table 2 . The Lorentz-Lorenz expression [1, [6] [7] [8] [9] is then used to relate these volume fractions to the refractive index changes within the material. These results are presented in Table 3 .
It is assumed that the components presented in Table 2 are the main contributors in terms of volume fractions and refractive indices, (see Table 1 ). Once again it is assumed that the overall volume of the material is conserved during photopolymerization. Table 3 presents the refractive indices of these main components and the resulting amalgamation of the two writing monomers, NVC and NVP, and the background components, BDGE and DTA. The average refractive index of the material before illumination, n dark , was then calculated using the volume fractions given in Table 2 . The value for the refractive index of the polymerized monomer is n p = 1.5956 [4] . n 1 ͑t͒ is then used in Section 3 to predict the temporal evolution of the holographic grating, both during illumination and post-illumination
Absorption
Assuming that the same theoretical model used in Subsection 2.A is valid for the Irgacure 784 photosensitizer (see below), transmission curves were obtained and fit for the epoxy resin photopolymer. The photopolymer layers were cast to a thickness d = 1 mm and had an initial Irgacure 784 concentration, A 0 = 1.48ϫ 10 −5 mol/ cm 3 , which is different than that given in [4] . The samples were then normally exposed to a plane wave of wavelength = 532 nm. During exposure the evolution of the transmitted intensity was carefully monitored. This measurement was then repeated several times for each exposure intensity: I 0 Ј = 3 and 5 mW/ cm 2 . Nonlinear fits were then made to these transmission curves, and the parameter values extracted are presented in Table 4 . These parameters are used in the analysis and fits presented in Subsection 3.D.
It is known that Irgacure 784 has a more complex set of photokinetic mechanisms than the erythrosin B photosensitiser used in the AA/PVA photopolymer material. These mechanisms can include the generation of photoproducts, which absorb at the exposing wavelength, and also the production of other transient initiator states [15] [16] [17] . However, for the short holographic exposures (Յ5 s exposure), which are examined in this paper, it is assumed that the simple theoretical model used in the absorption analysis of the AA/PVA system is sufficiently valid in order to estimate the rate of generation of primary radicals R i ͑x , t͒ in the epoxy resin case.
GENERAL KINETIC MODEL AND PARAMETER EXTRACTION
In this section a very brief review of the general kinetic model [1] is presented. It is then applied to a continuous exposure growth curve recorded in the AA/PVA system in order to show the functionality of the model for long exposures. Following this, growth curves are presented for both types of photopolymer material for short holographic exposures, with particular attention being paid to the post-exposure effects or dark reactions in both photopolymers. This data is then numerically fit using the model, and key material parameters are estimated and presented.
A. General Kinetic Model
Applying the model presented involves the solutions of the equations, which govern the concentration distributions of primary radicals, macroradicals, monomer, inhibitor, and polymer; see Eqs. (10), (12)- (15), and (25) in [1] . These solutions are then used to generate the time varying monomer and polymer volume fractions necessary for use in Eq. (1). The kinetic rate constants are assumed to be constant as are D m and D z , the monomer and inhibitor diffusion rates, respectively.
Since only relatively short exposures are examined, and due to the presence of slight variations in experimental reproducibility, the 4-harmonic kinetic model presented in Part I [1] is used to fit the experimental data. Therefore, the amplitudes of the harmonics of order greater than 3, in the Fourier Series representing the concentrations of the material components, are assumed to be negligible. The result is a set of coupled differential equations, which are solved numerically under the initial conditions, provided in Eq. (19) in [1] .
B. Continuous Holographic Exposure (AA/PVA)
An unslanted-transmission-type holographic grating was recorded in the AA/PVA based photopolymer using an exposing intensity of 2 mW/ cm 2 at a spatial frequency of 1000 lines/ mm. The growth of the grating was monitored using a probe wavelength , and the resulting first-order diffracted intensity was measured. This data was processed to extract the grating refractive index modulations using Kogelnik's Coupled Wave Theory, [18] . Then, using a least squares algorithm in which the mean square error (MSE) between the prediction and the experimental data was iteratively minimized, the best fit, as a function of the unknown material parameters was obtained. These unknown parameters were restricted to sensible search ranges similar to values in the literature [13, 19] (see the search range values given in Table 5 ).
Experimental growth curve data (dots) and the resulting numerical fit, generated using the 4-harmonic kinetic model, can be seen in Fig. 1 . As can be seen, the fit is in good general agreement with the experimental data. The parameter values extracted from this fit are as follows: . As mentioned in Subsection 2.A.2, the absorption parameters used are the mean values presented in Table 2 in [11] .
C. Short Exposures and Dark Reactions (AA/PVA)
In previous work [13, [20] [21] [22] [23] it was assumed that the rate of polymerization responded instantaneously to changes in light intensity, i.e., that there was no temporal response. This assumption results in an instantaneous end to polymerization when the exposure is stopped. However, it has been widely noted that under certain conditions a post-exposure grating amplification can be observed. This effect is caused by a combination of diffusion (material transport) and continued polymer chain growth postexposure. This process is referred to as dark reactions or post-exposure growth [7, [24] [25] [26] [27] . These effects are more easily observed in the case of short exposures and, therefore, have a significant effect on applications where short exposure times are used, such as optical data storage [28, 29] .
Attempts have been made to account for these postexposure effects in a phenomenological way [7, 26, 27] . One such method involved the inclusion of a temporal nonlocality into the governing 1-D nonlocal photopolymerization driven diffusion (NPDD) partial differential equation, [7, 22, 23] :
G͑x,xЈ;t,tЈ͒F͑xЈ,tЈ͒
where F͑x , t͒ is the polymerization rate and the factor ␤ was introduced to specify the dominant chain termination mechanism, either bimolecular ͑␤ =1͒ or primary ͑␤ =2͒ [7, 30] . The spatial and temporal nonlocal response function G͑x , xЈ , t , tЈ͒ [7, 22, 23] represents the effect of polymer chain initiation at location xЈ and time tЈ on the amount of monomer polymerized (removed) at location x and time t. It was assumed [7, 22] that the nonlocal response function could be broken up into the product of a spatial and a temporal response, G͑x , xЈ , t , tЈ͒ = G͑x , xЈ͒T͑t , tЈ͒. The purely temporal part of the response function T͑t , tЈ͒, taking account of the removal of monomer due to past initiations, over the time interval 0 Յ tЈ Ͻ t. The temporal response function proposed was
where the time constant n determined the extent of the nonlocal temporal response. As n gets smaller the response becomes more localized and T͑t-tЈ͒ approaches a delta function. In this limit the material response function reduces to a purely spatial response equivalent to that given in Eq. (15) in Part I [1] .
Using the above analysis, simulations have been generated showing post-illumination effects in AA/PVA photopolymer material. Figure 3 in [7] shows a set of simulations for the refractive index modulation of an unslantedtransmission-type holographic grating. As can be observed in this figure, there is a rapid post-illumination increase in grating strength caused by continuing polymerization of the polymer chains. Following this initial increase, there is a decrease in grating strength, accounted for by the diffusion of monomer (which has a lower refractive index than the background material, n m Ͻ n b in AA/PVA) into the polymerized regions (exposed areas of high refractive index). This diffusion gives rise to a reduction in the refractive index modulation and therefore a decrease in grating strength. In the case of the kinetic model presented here, there is no necessity to impose a nonlocal temporal response function as was done in [7] . During short exposures in a monomer-rich environment, the time varying production of primary radicals by photon absorption react with abundant monomer molecules to create macroradicals. These macroradicals, which initiate polymerization, are still present in the material post-exposure. As a result they will continue to react with the monomer present giving rise to further polymerization. This process will continue until all macroradicals are exhausted by one of the termination reactions.
The general kinetic model also accounts for the decrease in grating strength, which occurs when monomer diffusion becomes the dominant post-exposure mechanism (as seen in Fig. 3 in [7] ). Once again the postexposure monomer diffusion results in two simultaneously occurring effects, which cause a drop in the refractive index modulation. First, diffusion of monomer out of the dark regions increases the refractive index of that region ͑n m Ͻ n b ͒. Second, diffusion of monomer into the exposed bright regions reduces the refractive index of that region ͑n m Ͻ n p ͒. These two combined effects contribute to an overall reduction in the refractive index modulation. Figure 2 shows growth curves of refractive index modulation for three different short exposure times: 1 s, 2 s, and 5 s (dots), and the theoretical fit to the experimental data (solid lines), using the 4-harmonic general kinetic model. All gratings were recorded using an incident intensity of 2 mW/ cm 2 . A 633 nm HeNe laser was again used to monitor the evolution of the grating diffraction efficiencies both during and post-exposure. There is good general agreement between the experimental data and the theoretical fits in Fig. 2 . We also note the presence of a dead band region, determined to be of duration 0.2 s, at the start of the growth curves. This appears to be due to inhibition caused by initially dissolved oxygen, which suppresses the photopolymerization process and hence stops grating formation [1, 3, 6, 13] .
Using a least squares algorithm, as before in Fig. 1 , best fits were obtained to the data in Fig. 2 as a function   of the unknown material parameters, k p , k t , k tp , and D m , using sensible search ranges [13, 19] . The values of the inhibition rate and oxygen diffusion were assumed to be constant, k z,0 =5ϫ 10 8 cm 3 mol −1 s −1 , D z =5ϫ 10 −7 cm 2 s −1 . The resulting estimated parameter values are given in Table 5 along with the MSE of each fit. The absorption parameters used were again the mean values from Table II in Ref. [11] for a material layer thickness of 120 m.
As is evident from the fits presented in Fig. 2 and the MSE values in Table 5 , the model predictions very closely fit the experimental data. As stated in Subsection 3.A, the effect of time varying viscosity changes are assumed to be negligible, thus the kinetic parameter values used in the model were treated as constants. However, in the experimental data presented in Fig. 2 , we would expect that, with increasing exposure time, there would be an increase in the material's viscosity due to polymerization of the monomer. This increase in viscosity would cause a decrease in the estimated effective kinetic parameters. As the kinetic parameters in the model were treated as constants, the values obtained from the fits would be averages of the kinetic constant over the exposure period. We note that the average kinetic parameter values presented in Table 5 tend to follow the trend expected, i.e., decreasing with increased exposure.
D. Short Exposures and Dark Reactions (Epoxy Resin Photopolymer)
We examine the post-exposure effects, dark reactions, which have been observed in the epoxy resin photopolymer material presented in Subsection 2.B. Combining the volume fraction analysis and the results of the estimates of the absorption parameters, the 4-harmonic kinetic model was fit to reasonably reproducible ͑ ±3%͒ short exposure experimental results, and the kinetic parameters were extracted.
Using the same experimental setup as was used for the previous short-exposure experiments, unslanted holographic gratings were recorded at 1000 lines/ mm with an exposure irradiance of 2 mW/ cm 2 and wavelength of = 532 nm. The time varying diffraction efficiency ͑t͒ was again monitored using a probe wavelength = 633 nm. The diffraction efficiency was appropriately Fresnel corrected and converted into refractive index modulations [18] . In the analysis the initial monomer concentration was calculated to be U 0 = 9.93ϫ 10 −3 mol/ cm 3 . The initial inhibitor concentration is assumed to be solely due to the included inhibitor TBHP (see Table 1 ). The concentration of oxygen within the material is therefore assumed to be negligible when compared to the concentration of TBHP, i.e., Z 0 = 9.58ϫ 10 −6 mol/ cm 3 . Theoretical best fits were then made to the experimental data and the unknown parameter values extracted and presented in Table 6 . Figure 3(a) shows the experimental data (dots) and theoretical fit (dashed curve) for a 5 s holographic exposure and the following 75 s postexposure. As can be seen, there are significant postexposure effects, i.e., increases in refractive index modulation. These effects are a result of (i) continued polymerization caused by the large concentration of macroradicals present in the material continuing to react with monomer-forming polymer and, therefore, increasing the refractive index modulation, and (ii) monomer diffusion from the dark unexposed regions, which as in the AA/PVA photopolymer case has two simultaneous effects. The large contrast between the refractive index of the monomer and background material in the epoxy resin based photopolymer, i.e., n m Ͼ n b (see Table 3 ) results in a substantial drop in the refractive index in the dark regions when the monomer diffuses out to the depleted bright regions. Simultaneously, monomer diffusion leads to an increase in the refractive index of the exposed region it diffuses into, further increasing the refractive index modulation. This can be observed in Fig. 3(a) . Thus the main difference between the behaviors of the two photopolymer systems being examined post exposure is the relative refractive index differences between the monomer and the background materials. Figure 3(b) shows the initial 5 s of Fig. 3(a) . It can be seen that there is good general agreement between experimental data and the theoretical predictions. One thing of note is the dead-band period, which is associated with the induction (initiation) and inhibition period, which lasts for approximately 1.5 s. As mentioned earlier, in this epoxy resin material analysis the TBHP inhibitor is assumed to be the dominant inhibitor present within the material and, as can be observed from the experimental data, it causes a substantial dead-band.
Fits were carried out just for the 5 s subsection, i.e., for the subsection 5 s shown in Fig. 3(b) , and also for the full growth curve including the full dark reaction region, i.e., 80 s, as presented in Fig. 3(b) . In both cases the nonlocal material response length was chosen to be ͱ Ј =56 nm (i.e., S 1 = 0.94), and the inhibition rate constant was assumed to be k z =5ϫ 10 8 cm 3 / mols. The best-fit parameter values obtained from both these fits are presented in Table 6 . It can be seen that there is reasonable agreement between the kinetic parameters extracted from the two fits. One plausible reason for the variation seen between the extracted parameter values could be the neglect of time varying viscosity effects. However, the low MSE values obtained suggest that the theoretical model satisfactorily predicts the behavior of this epoxy resin photopolymer material well, and thus that the model presented is physically valid for at least two significantly different types of photopolymer materials.
The model was also used to fit the experimental data presented in Fig. 4 for short holographic exposures of 3 s, 6 s, and 10 s. Once again a large amount of post-exposure growth in the refractive index modulation can be observed. The parameters extracted from these fits are presented in Table 7 . The nonlocal material response length was again chosen to be ͱ Ј = 56 nm (i.e., S 1 = 0.94), and the inhibition rate constant assumed to be k z =5 ϫ 10 8 cm 3 / mols. The MSE values are again relatively good. However, as can be seen from Fig. 4 , there is a slight deviation between the fits and the experimental data for large post-exposure times. Again a plausible reason for this variation could be due to the neglect of time varying viscosity effects.
CONCLUSIONS
In this paper, the generality of the previously developed photokinetic model [1] of the photochemical processes involved during holographic grating formation has been experimentally tested. This was achieved by numerically fitting experimentally obtained growth curves for two types of photopolymer material, which differ in (a) the type of photosensitizer, (b) the material layer thickness, (c) the type of matrix network used, and (d) the ratio of the refractive index of the writing monomer to the refractive index of the background material. The first of these photopolymer materials examined was an AA/PVA based photopolymer [2, 3] , and the second was an epoxy resin based photopolymer [4] .
In order to experimentally validate the proposed model, material parameters for each of the compositions under examination were obtained. These included the molar absorption coefficient, , and the quantum efficiency for the removal of the photosensitizer, . These were acquired by numerically fitting experimental transmission curves for each of the material compositions using the theoretical model presented in [5, 6, [10] [11] [12] . In this way a reasonable approximation to the rate of generation of primary radicals for a given exposure could be determined. Other material parameters necessary included the volume fractions and refractive indices of the individual components of each of the photopolymers. From this analysis a better approximation to the time varying refractive index modulation was obtained. Both sets of analysis are described in Section 2.
In Section 3, using the parameters obtained in Section 2, the model was then applied to fit experimental data for short holographic exposures including inhibition and post-exposure effects (dark reactions) in both types of photopolymer. Physical parameter values were thus extracted from experimental short exposure data. The fits found are in good agreement with the experimental data, indicated by the low MSE values achieved. Furthermore, the values obtained for the extracted parameter values all lay within the expected ranges as indicated in the literature. Comparing the parameter values extracted for the same materials, and noting that these have been found for average data sets and with very low MSE values, it should be clear that the parameter values estimated are robust and, under the assumptions made, are very close to the true effective values. What we have also found is that the MSE values increase very rapidly if the parameter values are randomly perturbed.
Certain assumptions were, however, made in order to reduce the complexity of the fitting procedure. These include assuming negligible viscosity changes within the material during exposures, which results in the estimation of constant time-independent diffusion and kinetic parameters. Currently, work is being carried out to (a) more accurately determine the change in the rate of monomer diffusion D m with exposure, (b) to find the glass transition temperatures T g , (c) the expansion coefficients ␣ m , ␣ p , and (d) the fractional free volumes of the material f v [1, 19] . These values will enable a more accurate determination of the temporal variation of the photochemical kinetics in the materials and should result in an improvement in fit quality. Furthermore, a more physically realistic model of the absorption mechanisms of the Irgacure 784 photosensitizer needs to be used in conjunction with the general kinetic model in order to more accurately predict the primary radical initiation rate. It should also be noted that material shrinkage and swelling effects can occur during and post exposure, [31, 32] . These effects can be modeled by introducing holes into the volume fraction analysis [31, 33] . The accurate modeling of such effects will involve multicomponent kinetics, which also have not been included here [25, 31, 33] . However, even with the exclusion of all of these physical effects, which have yet to be implemented into the general NPDD model, the quality of the fits by way of MSE are considerably better (two orders of magnitude) than the fits achieved with previous models [3, 6, 7, 22, 23, 31] . 
